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e v oscillations (T2K)
e v oscillations = VA cross sections

« MINERVA - CC pion production results

* v oscillations (sterile v, MiniBooNE)
e Future




Neutrinos...

v are fundamental (sort of)

» Mass from Higgs VEV coupling to right-handed v? (hard to decide?)
» Majorana or Dirac? (Ovfp)

v are weird (definitely)
» Long mean free path (ly) makes experiments very difficult (yrs)
» Historically, many early v experiments obtained Nobel Prize.

» Closeness in mass of 3 known flavors makes oscillation easy to measure
(different physics than K%, B%- PMNS vs. CKM mixing)

» CP violation in lepton sector source of matter-antimatter imbalance?
» Lack of a limit on number of flavors (sterile) gives many possibilities

US high energy physics has decided to go after lepton CP
violation through v oscillation as a primary goal
(DUNE/FNAL). Cost will be >$1B!
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v Oscillation - disappearance

Think of it as 2 coupled oscillators (normal vs. osc mode)
E.g. v, disappearance is standard measurement

P(v, > v,)=1-sin’ 20)sin*(1.267Am’L | E)
1 mixing angle, 1 squared mass diff. 2
Use wide-band beam @ 15— —

Measure # of v, in
near (all v,), far (oscillated
sample) detectors.

Take ratio as a function of E,
Collect your prize!

+ Far detector data

Best oscillation fit

0 2 A 6 8 10

Ratio to no oscillation
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v Oscillation - appearance

If neutrinos have mass, the flavor eigenstates are mixtures of the
mass eigenstates. The neutrino mass matrix has 6 parameters.

Ve 1 0 0 C13 0 813€_i50p ciz Sz 0O 14
Vu = 0 Cas S23 0 1 0 —812 Ci2 0 175
Vi 0 —Sa23 Coj —8138"’:501: 0 Ci13 0 0 1 Vg

2 square mass differences (Am?2,,, Am?2,,),
3 mixing angles (0,,,6,3,0,5)
1 CP violation phase, &p.
® Am?,, and 6, were determined by solar/reactor neutrino oscillation.

Am2,, = (7.50+0.20)x10%eV?2, sin220,,= 0.857=+0.024

® |Am?2,,| and 0,; were studied by atmospheric/long-baseline experiments.
[Am2,,| = (2.32 7032 )x103eV2, sin220,,> 0.95
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v Oscillation - appearance

At present, remaining unknown 1

_ CRY, V; EEaam— , 'V, E——
e |Am2

parameters include aV — T

. Moo V1
the CP violation phase &5, and sy, b :
mass hierarchy, sign of £ ol jAmz2,,|
Am?3; (~Am?3) = Mm?; —m2,. V, e—

. ) [Am?,,

The v, appearance probability contain: vy .. V.,
SCP term, and Am231 term. Normal Hierarchy Inverted Hierarchy

Am32, L 2Gpn.FE
Py, — v.) = sin® Boq sin® 2045 Siﬂz( Zgj ) (1 + 4\/@ (1—2 sin® 913))
(- Am3, L

. gin'9Bssin 265 sin'20 9‘2( )2( )
sin 265 sin 2055 sin 2015 cos 13.811’1 iE, sin iE,

Appearance of electron neutrino events can determine sin?20,,.
It will also provides constraints on d-, and mass hierarchy.

Disappearance of muon neutrino events as well as distortion of the

energy spectrum-can-determine |AmZ2,,| and sin226,, precisely...
[ ) CTEQ Neutrino Experiment I'l July, 2015



InTek.

Appearance of electron neutrino events can determine

sin?265. It will also provides constraints on 6., and
mass hierarchy.

Disappearance of muon neutrino events as well as
distortion of the energy spectrum can determine
|AmZ?,, | and sin?20,, precisely.
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T2K e

TES

xperiment

F LR N
Super-Kamiokande: : M
el b Ty J-PARC T

Second generation long-baseline neutrino-oscillation experiment;
from Tokai to Kamioka. The experiment started in 2009.

'
- a
e,

High intensity almost pure v, beam from J-PARC is shot toward
the Super-Kamiokande detector 295km away.
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Kamioka N_gu/trine

July. 2009 1




T2K Beam line and Detectors

M
e ngmt Far detector
P T dump clecxrs off-axis %
; “E s OO ol i N ——
primary -
beamline ! m _______________________ 55-
pipe S — Oon-axijs - Super-Kamiokande
| [ l | <I< 1
om 110m 120m  280m okm 7 205km
Beamline Detectors
Primary beamline ® Muon monitors@ ~120m
Target station/focusing ® Near detectors@ ~280m
horns
® [ar detector@ 295km
Decay Pipe (Super-Kamiokande)
Beam dump @ ~110m Off-axis beam : the center of the beam direction is
downstream adjusted to be 2.5° off from the SK direction.
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Off-axis beam (2.5°) peak ener'gy_ij._éere_\/‘ )

2

Merits of the off-axis beam are:

0.sF sin’20,, = 1.0
C Am}, =24x103eV? ]

®The neutrino energy peak agrees with the L WA
oscillation maximum. Neutrinos oscillate I
effectively.

Wt OA00°
% 0A20° -

S 0A25°

05

®High energy (> 1 GeV) neutrinos are suppressed.

« Neutrino energy spectrum is calculated from CCQE
events; v, +n-»p+p.
Fraction of CCQE events is small in high energy range - s,
and some of non-CCQE events are serious background .s |
for the CCQE selection. 2 4

e Neutral Current (NC) n® events are background for the
v, appearance search.
NCnr® events are reduced by the suppression of high :
energy neutrinos. 1)

38

Cross sections (x10

Charged-Current Quasi-Elastic
(CcC

®\Water Cherenkov detector has better 0: ....................
performance for single charged particle events.
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ND-280 near detector

® The detectors were made in
the underground experimental
hall, 33.5m depth and 17.5m
diameter.
It is located at 280m
downstream from the target.

Off-axis
detector

® Two detectors were installed;
they are On-axis Detector in
the direction of the neutrino
beam center, and Off-axis
detector in the direction of
Super-Kamiokande.



Near Detectors at 280m downstream

ND280 is made from several components.

2 FGDs (Fine-Grained Detectors) consist of scintillators
and water as target material.

o Tem

UA1 magnet yoke
All components are in 0.2T of magnetic Dl ——
field. The magnets were previously
used in UA1 and NOMAD.

3 gas-filled TPCs (Time Projection
Chambers) record track of charged particles.

W
Charged particles are bent by the

magnetic field. The curvature of
the track recorded by TPC are used to
determine the momentum of the particles.

Neutrino flux as well as neutrino -
interactions can be studied from — Il | e
the reconstructed track information.

Other components are POD (rn® detector),
ECAL(Electromagnetic CALorimeter) and TR l|
§1\'/|RD(Sid'e'Muon'RarngE'D'etectoT): """""""""""""" = AI[[T

FGD TPC EGD! TPC




Far detector (Super-Kamiokande (SK))

® 50kt water Cherenkov detector with 11129 20-inch diameter PMTs. The
fiducial volume of the detector is 22.5kton.

® |ocated at 1000m underground in Kamioka mine, Japan.
The distance from the J-PARC is 295 km.

® The experiment started in 1996, and SK—IV(after electronlcs replacement)
is in operation since 2008. & : —
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T2K Collaboration

= ' A : T ————
“The T2K collaboration includes about 500 physicists from

11 countries (Canada, France, Germany, Italy, Japan, Poland, Russia,
Spain, Switzerland, UK, USA).



History of the T2K beam

Total Accumulated POT for Physics

@ v-Mode Beam Power
=< 10%° B V-Mode Beam Power
£ 12 | | | =400 &
g Runl Run2 Run3 Run4 Run5 Runé6 =
bS] 10 ¥ o b 350 ==
< z | 300 S
S 8 Z
2 = =250 &
B 6 - 1200 E
= g | ,ﬁ . =150 R
=, 0 % — .. s . .. .. 0
2010 2012 2012 2013 2014
Dec/31 Jan/01 Dec/31 Dec/31 Dec/31
Date

Physics run started in Jan. 2010. In May 2015, the maximum beam power
achieved is ~345kW.

In June 2014, anti-neutrino beam has been started by changing the current
direction of the magnetic horns.

Integrated pot (protons on target) until Mar. 2015 are:
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w/e identification in
Super-Kamiokande
vV, M

Only direct Cherenkov light from p
Clear Cherenkov ring edge

V., = €
Cherenkov light from e-m shower.
Electrons and positrons are heavily

scattered.
Cherenkov ring edge is fuzzy.

i8 |&ss than 1%. CTEQ Neutrigumases o S St



Results of Event Selection
rl Examine Particle ID of | ring events H

v, selection ‘Ve selection
: ® e-like PID
. = . .

He oo § ® p. >200MeVic |freiecton: -
® P > 200 MeV/c Pe Forced 2" ring is
® Michel electron | or 0 ®  Michel electron 0 | assumed. Invariant

o Erec < 1250MeV ;::s;csoz:: likelihood
® 1 rejection examined.
Data : 120 events Data : 28 events
Expected: 446+23(sys.) events Expected: 4.9%0.6(sys.) events

(no oscillation) (no oscillation)

utr




Results

. % E_' 1 | S S T R K ] (N CRC T T AR [ A R S 'E

v, disappearance Sr- « Data (120 events)

S an. e E

Disappearance of muon neutrino  £°¢ —No oscillations =

events as well as a distortion of  &*¢ (446+23 events) 3

neutrino energy spectrum is found. °*°F E

_ o 20 — Best oscillation fit 3

Best-fit oscillation parameters are 10} E

calculated to be IR SRS e

Am?2 _ ( 251+0.1 O)X 10-3eV/2 Reconstructed v Energy (GeV)

32 T \&oL=1.

sin20,, = 0.514 79922 e

. «,:D 4;_ Normal Hierarchy ]

for normal hierarchy, and S 22_ iy (N E

asl . Sk 90% E

Am2,; = (2.48=%0.10)x10-3eV? E4 Minos 90% ;

sin20,; = 0.511%0.055 i E
for inverted hierarchy. 3-22:

These results give most stringent 245 E

constraints for sin20,, 22— | E

NI BTSN SRS AT BT S
03 035 04 045 05 055 06 065 07
sin2(623)
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Results-v, appearance

® Where expectation for no oscillation is 4.9+0.6(sys.) events,
28 events are found. The signal is 7.3c and it is certainly discovery.

T

® In (p,,0,) distr, maximum likelihood analysis

finds the 90% C.L. region in sin%20,; — 8op ™2

IR dcp
10¢ :g:::?fit ] 0
Background component
st ]
180 .l. : -n/2
150:_ g ¢ Data 1
% 120 - '—.—"—._ M Best fit 0.8 -t
%ﬂ 90i 0.6 %
T oo 04
< K /2
30 02
r o 8
03 T 00 100" CPO
Momentum (MeV/c)
® The 68% C.L. intervals for sin226,; are -
: _ +0.038
sin?20,; = 0.140 _gp32 (NH) and
+0.045 ke

sin?20,,=0.170

-0.037

(IH) for &.p = 0.

III!IIIIIIIIIIIIIII

3

nnnnnnnnnnn

LS En B S D e B B

Normal hierarchy
Am? = 7.6x107eV?
Ami, = 2.4x107eV?
sin® 8, =0.31

sin®@,, =0.5

—— Best fit
68% CL
B 90% CL

III!llIIIIIIIIIIIII

lllllllllllllilllll

Inverted hierarchy 7
Am}, = 7.6x107eV?
Ami, = 2.4x107%eV?
sin® @, =0.31
sin” 8,, =0.5

T2K
6.57 x10” p.o.t.
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Combined v, and reactor results

The T2K results are combined with constraints from reactor experiments

(Daya Bay, Reno and Double Chooz);
sin?20,; = 0.095+0.010 (PDG2013).

It seems that negative 6., with normal
hierarchy is favored.

From more complicated and
exhaustive statistical analysis,
0.146m < 8-p < 0.8251 (NH)

-0.080n < 8op < 1.091m (IH)

are excluded with 90% C.L.

The results are hints towards
O0cp ~ -/2 and normal hierarchy.
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Normal hlerarchy i
Ami = 7.6x107eV?
Aml, = 2.4x107eV?
sin* @, =0.31
sin*@,, =0.5

—— Best fit
68% CL
B 90% CL
PDGZOlS(Reactor)

||||||||||||||||||

Inverted hierarchy 7
Am3,= 7.6x107%eV?
Am =-2.4x107%eV? ]
sin” 9 =0.31

sin” 9 =0.5

—
iy
r

T2K
6.57 x10™ p.o.t.
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04 02 03 04 05 06
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Problems

How do you measure beam energy?

» Choose topology that guarantees interaction (e.g. CCQE) and
measure energy with kinematic equations (T2K, MiniBooNE)

» Measure all particles in final state (MINOS, DUNE?)

How do you predict neutrino spectrum?

» Extrapolate results from near to far detector
» How many v, in beam if you are searching for v - v,?

» Calculate with Monte Carlo.

How do you know backgrounds?
» Measure if possible (NCrY in near det), use Monte Carlo

What about the fact that v spectrum very different at
near and far detectors?
» Monte Carlo

21 CTEQ Neutrino Experiment [l July,2015
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CCQE : Charged Current Quasi Elastic

Near' deTeCTO r ConS'r r‘ainTs CClr : Charged Current 1r resonant prod

® CCQE events, CClr events, and CCy, events
are selected separately based on track

topologies in ND280 FGD/TPC.

® p and cos@, distributions (data and MC)

compared. All systematic errors related to

cross sections and neutrino fluxes are

adjusted from the comparison.

® Excellent agreement after parameter adjustment.

CC,is : Charged Current Deep Inelastic

FGD TPC FGD TPC

The adjusted parameters can be also applied for SK.

2500

2000

Numbcr of events

1500

30007

'[I'II'IIITIII'I I TI]I'FII'[IIITIIIIIIII Illl

¢ Data
— Nominal MC
— Fit to ND280

Illlll[Illlllllllllllllllllllr
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Data/MC
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Cross section definitions
See Formaggio & Zeller RMP 2012

Most nucleon data from bubble chambers (low statistics)
MINERVA measures A dependent cross sections 1-10 GeV

G. Zoller CC Quasi-elastic

> nucleon changes,

31 4 but doesn't break up

%1.2 v CC Single pion

X nucleon excites to
3 1 resonance state
e

70.8

50.6 9

2

20.4 |

@ CC Deep Inelastic

§0-2 nucleon breaks up

- 0 L1 L Llll Don,t forget nUCIeUS!

10
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Verifying MC calculation of beam flux

Some of T2K members join CERN NA61/SHINE : “Study
of hadron productions in hadron-nucleus and nucleus-
nucleus collisions at CERN SPS” - R —

VERTEX MAGNETS

The energy of the proton |
beam is adjusted to the T2K s ano
proton beam, 30GeV.

Thin (2cm) carbon plate is
used as target. The carbon
material is same as T2K

|:| NAG61 Coverage __

Production of pions and kaons ok

are precisely measured by TPC~ & | i B
and TOF. Their fluxes are = w =
measured as a function of 0.1} W
momentum and angle, | B ——— R
PTCK 0 5 10 15 20
/K ’ p, (GeVic)
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SYSTemGTlc errors T2K syst errors for v, - v, (2014)
& backgrounds

Source of Est. stan. dev.
CP Violation Sensitivity Uncertainty

50% Ogp Coverage
8 Cross section (MC) 4.9%
7 L
DUNE 6L Cross section 2.7%
estimated | |% 8/ (ND280), Flux
syst errors !
Y b 3pef Far Det, FSI 5.6%
| E,, |
ol | eeanyared | Oscillation parameters 0.2%
0 200 400 600 800 1000 o
Exposure (kt. MW.years) TOTAL 8.1%
s0f- -
[ [ %, cooe
g E E DVL-‘V‘(T.M
. v v o -\r,--'-',('("m
T2K data with 5 & 20
estimated < s I
background £ E
ackg 5 5
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Measuring beam energy with CCQE (T2K)

Experiments identify reaction with topology, calculate Ev

assuming single nucleon at rest. Ambiguities!
2(M, = Ep) B¢ — |(My — Bp)* +m? — MZ]

EOF =
v 2 [Mn —bEg—Ey+py COS(@E)]

What if principal interaction o T
was pion production and | L Ecev A
pion was absorbed? % | '. =6
What if principal interaction .5 | | 0
was with correlated nucleons = | _
(MEC)? (plot from Martini, CON U

PRD87,013009 (2013) _/’k -
Nuclear model essential! o1 es o8 - AL
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Jorge Morfin's summary (it's the nucleus!)

¢ The events we observe 1n our detectors are convolutions of:

Yeike (E) @ ®(E’ 2E) @ 0.4 (E = E) ®[Nucc,d,e..9c (E’= E)]

¢ Y . (E) 1s the event energy and channel / topology observed in the detector, not
necessarily that which 1s produced. It 1s called c-like since 1t appears to be channel ¢ but
may not have been channel ¢ at interaction.

¢ o®(E) 1s the energy dependent neutrino flux that enters the detector. With traditional
meson-decay-source neutrino beams we can, with considerable effort, estimate the
mcoming neutrino energy distribution to < 10% absolute and < 7% energy bin-to-bin
accuracy. Significant contribution to systematic

¢ O_,. (E’ZE) i1s the measured or the Monte Carlo (model) energy dependent neutrino cross
section off a nucleon within a nucleus. Form factors are modified within a nucleus

compared to a nucleon. Significant contribution to systematics.

¢ Nuc_,. 5.(E’ZE) — Nuclear Effects. In general the interaction of a neutrino with energy
E’ creating initial channel d,e... can appear in our detector as energy E and channel c.

¢ Nuclear Effects — a migration matrix that mixes produced/observed channels and
energy. v and v quite different. Significant contribution to systematics.
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example

DIS event at E, =8 GeV
Principal interaction result is p-, 27, 2n*,

210, p. = - — GENIE
After FSI, final state is w, ].TC', 27!:"', 4y, Loﬁm; r:ulNT:z_o'lz —_ NUANCE
B roceedings

zp’ 3n. . E i — NuWro
Through n~ absorption and =+ charge =30/
exchange, energy shifts toward neutral £ | 2 GeV
and more baryons. g | NC

' S o0l Carbon
Cerenkov detectors don't see hadrons 2%
and scintillators and calorimeters don't
see low energy hadrons or neutrons. o
Therefore, the energy could be *
measured as 4 GeV unless Monte Carlo _
can make up the difference. o S
NUINT conferences have useful studies Een/ Evisiie

comparing theory and generators.
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v interaction needs

Measurements (or calculation) of all processes at higher
v energy

How they can mimic desired signal in detector

Don’t forget detectors are large and contain variety of
materials, don't forget nuclear effects!

Here’s worst case calculation oo} |

for DUNE using CCQE !
hypothesis. (Mosel, PRL 2014) £ ..

[H bubble chambers look = il

really good now, but safety @ o}
considerations make this ‘;’f:'
impossible.] bl N

b 29 CTEQ Neutrino Experiment Il July,2015



MINERVA

Cross section experiment at FNAL (NuMI beam line)
Taking data 2009-13 with <E >~4 GeV, now 7 GeV

Fine-grained scintillator
~ R

~60 collaborators from particle and nuclear physics

Centro Brasileiro de Pesquisas Fisicas Otterbein University
Fermilab Pontificia Universidad Catolica del Peru
University of Florida University of Pittsburgh
Université de Geneve University of Rochester
Universidad de Guanajuato Rutgers University
Hampton University Tufts University
Inst. Nucl. Reas. Moscow University of California at Irvine
Mass. Col. Lib. Arts University of Minnesota at Duluth
Northwestern University Universidad Nacional de Ingenieria
University of Chicago Universidad Técnica Federico Santa Maria

College of William and Mary

- /
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MINERVA detector

[ ] Elevation View
Side HCAL
Side ECAL e
- g 88
g% | D) : §E
° 8 o T § g Q2 g 8 e
5 i Elg Active Tracker g §_: 58
N cg Flégron s| &8s 2a
&g _Eg 8.3 tons total S 8 @<
& z 15tons | 30tons g g
Side ECAL_06tons
Side HCAL 116 tons
— —

Central region is finely segmented
scintillator tracker

~32k plastic scintillator strip channels
total




Sample event (3 views for 3-d track)

120

10

1004

gof—H H W o 4

Look for vs. z

Beam

direction

400 - -

30

04— 0 o

|. No energy
deposit

2. Vertex

3. Significant
deposit

50 5 10

IIIIIIIIIIIIII
15 20 25 30 35 40 45 50 55 60 65 70 75

80 8

i
5 90 9

T | T
5 100 105 110 115
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0

U-view
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FUNFACT at JLab
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Focus here on 2 recent results for
CC Pion production

Important component of Long Baseline expts (T2K, NOvVA)

Sensitive to principal interaction, nuclear medium, and final
state interactions (FSI)

Charged-Current Charged-Current
Single Charged Single Neutral
Pion Production Pion Production
by nubar

vp = p prt vup — ptna® V
v Ty Vi 1

W' W

i oA L on
p n

R
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Theory primer

Best calculations from nuclear theorists with background
in electron scattering
» Best nuclear models, medium corrections, FSI

Event generators required to simulate experiment
» Plan, analyze, describe data
» Contain simplified versions of best theory

» Developed, maintained by poorly understood, overworked
experimenters

» Better nuclear models are being introduced, but not in any of
following plots.
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Focus here on 2 recent results from
MINERVA for Pion production

MiniBooNE cross section results surprising, huge impact
Do we really understand FSI (detail!)

GiBUU: Best Data at E ~1 GeV
nuclear physics 100
= 12 + * before FSI S :
3 afterFSlI i
N 2
5 sl 5 |
2 8
= o
- 4l 400} s”%:F
5 S ++++
8 8 |/ T
= / ~ S, +
0 , | , , m;ﬁl “*1ﬂ}k+
0 01 “do2 03 04 05 - AT
A peak in 1+ C Tor (GeV) 05 0.1 0.2 0.3 0.4
GiBUU: O. Lalakulich and U. Mosel, PRC 87,014602 (2013) TE_ (Ge\/)

NuWro:T. Golan, C. Juszczak, J. Sobczyk Phys Rev C80, 15505 (2012)
Nieves: E. Hernanadez, J. Nieves, M.Vicente Vacas, Phys Rev D87, 113009 (2013)

CTEQ Neutrino Experiment

I'l July, 2015

theory

— Athar et al.
- Njeves et al.
-—- GiBUU

ev gen
— NuWro

e GENIE
-— NEUT

—+ MB data



Sample events

4 10 |
Hit Energy (MeV)

SEYEREEE T G h LA ERD A5 h a2 os2shth o eh s dson 7072 7% 75 7580 62 o o698 90 92 v 5 seutmzudnlndalonlas

XZ view, one of 3 views ! DATA Event
See charged hadron tracks N I I A CopiE L
See n° if both photons 5 ]
£ 4
convert to e*e'. B e ™
Z ‘u":.* I I
.i. < p candidate
" m candidate T
Module Number
o TOPVIEW —
NI N W T T
; .._-—.::~ _J; R i)
} Neutrino beam m S P
L / [
?»:‘ Lo
. ]
|

Strip number
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Event definitions

» Charged pion » Neutral pion
» u in MINOS » u in MINOS
» 1.5<E <10 GeV » 1.5<E <20 GeV
» W(hadronic mass)<1.4 » y conversion length>15 cm
GeV or <1.8 GeV » Di-photon invariant mass
» Pion identification 75<M, <195 MeV/c?.
(tracking, Michel decay) » W<1.8 GeV or no W cut

Kinematic Equations
Ey = Ey + Ep (Ey determined calorimetrically)
0% =2E, (Ey —pucos(Buy)) — '"fl
Wf_rp = —Q% +m¥ +2myEp (my nucleon mass)

Woen : Wexp W/0 the assumption of a nucleon at rest
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v, Tracker — pu*n°X (W < 1.8 GeV)

3 v, Tracker — 1 Nr* X (W < 1.8 GeV)

4XLeNERVA Preliminary —¢— Data 1 60 B MINERVA Preliminary
Py POT Normalized I Other - POT Normalized
o 3048420 POT e 140~ 1.06e+20 POT
Q 3.5 [ Interacting Proton —
8 [ Stopping Proton No B
o - Stopping S 120
225 "
= = 100F
(3 B
2 (=) )
515 T 80
2 1 @ 60f
© .
O 05 E N

o e Q 40

0 010203040506070809 1 1T} N

Pion Range Score 20k
10° V¥ Tracker — p” Nt X (W < 1.8 GeV)
I 0 50 100 150 200 250 300 350 400 450 500
1.2 E::I:teracting Proton myy (Me\” c2)

[ Stopping Proton
[ Interacting n*

I Stopping *

Candidates / 5.0 MeV

‘\II}\\I'\\IIII\‘\II‘II

10 20 30 40 50 60 70 80 90 100

b 38 Michel Energy (MeV) Neutrino Experiment Il July, 2015



Arbitrary Units

Resolution plots (compared with Monte Carlo)

10° v, Tracker — p”Nr= X (W < 1.8 GeV)
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Systematic errors

Move dozens of variables, e.g. MA,., detector energy
scale, beam flux fit parameters by *1c.

do/dT, Data: v, Tracker — p" 1= X (W < 1.4 GeV)

> 04 do/dQ? Data:v, Tracker — w” Nt X (W < 1.8 GeV)

‘E C Total Error e Statistical > 0.8 ) —
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I results

area normalized (GENIE too high ~30% for =*)
Absorption dip is filled in.

N v, Tracker — p" 1* X (W < 1.4 GeV)
%1 0 42 1

18
— [ Area Normalized .- . v, Tracker — u*1°X (X has no mesons)
S 6 GENIE 2.6.2 No FSI ) g Epyvr—
- — N 3.1 (C ey [~ Area normalize
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In* result - detail

Shape is very sensitive to FSI details
Problems with principal vertex evident (old data)

%1 0—42 Vi

Tracker — u 1n* X (W < 1.4 GeV)

16

do/dT, (cm?MeV/nucleon)

221 yinerva
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In* result - detail

Wanted resolution of MiniBooNE
controversy (why no dip for

absorbed pions?)

Both experiments largely sensitive
to A formation/decay + = FSI

Verified lack of a dip, but
normalization looks wrong.

Although MINERVA at higher v
energy, cross section is not much

do/dT,, (10*> cm*MeV/nucleon)

bigger. (new problem)

— —
. L
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Q¢ tests nuclear structure properties

Momentum distribution/nuclear medium effects matter.
FSI doesn’t seem to matter for Q2.
Nice separation of physics oW
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Q2 results

All event generators use Relativistic Fermi Gas, no
medium effects, no NN correlations.

Despite simplicity of models, good agreement in shape.
Charged pion distr has coherent prod, too big in NEUT

v, Tracker — u” Nn* X (W < 1.8 GeV) v, Tracker — p* X (W < 1.8 GeV)
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Short Baseline, Reactor experiments

Testing ground for new exotic results, e.qg. sterile v.
Variety of 2-3c results, waiting for something definitive.

Kopp, Machado, Maltoni, Schwetz

LSND (PRC, 2001) JHER 2014
T 1 - = — 1 I LI I B B
8 - —- Am =044V, 5020, =013 .
o = bl B v 3 . f— 7
g7 " - 116 — Am’=175eV,5in20,,=0.10 i
15 ————— g *=09eV, 5in™20 , = 0.057 1
5 e L g- - -— Am =09V, sm20, =0. .
w 12.5 2 4): __ T L ) .
d 2 L $——— 2
7.5 2 I~ _I — — 4 —3
L. ) { z k=
= - y 80 = -
N qé' [ :: :Z- s = ":u;é él Ren
- F g wn S il >
- g 08 al ’:1‘ % i E:é al AR
2 L RPN o = -’ a % z 2|27
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04 06 08 1 12 14 070+ T &, el
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experiments

LSND was beam dump expt at LANL, = decay at rest is
powerful technique (flux known).

MiniBooNE was accelerator expt at FNAL, large mineral

oil Cerenkov detector (CH,). [no near det] -~

LSND flux

]

MiniBooNE Detector
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MiniBooNE results
Aguilar-Arevalo et al., Phys. Rev, Lett. 110, 161801 (2013)

Goal was to prove or : Antineutrino ]
. ‘g‘ B e Data (staL err.) i
dl_sprove LSND, results & 1of + (2.80) Buieme, :
m |Xed . 0s ol = 2+ rf:n?sTdK :
. = S ;

Excess at new L/E is | . B O et
surprising. . H= E
Consistency between n .} .
and nbar means no CPT 5 ++ Neutrino )
violation. . (3-40) |
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Kopp, Malahorn, Maltoni, Schwetz
fitting results

Define mixing matrix as extension of 3 flavor matrix.
Consider 3+1, 3+2, and 1+3+1 models (3=valence)

They consider appearance (LSND, MiniBooNE),
disappearance (KARMEN, SciBooNE), reactor experiments.

Here are sample results for 3+1.

E
i o 1
(Ur \ ( [.el [.r'.l ('!'.3 (.cl \ (‘Il \ ~ 'é m:'
2 -
y . . . — 0 g .
Vy (pl {y'.' (“3 [;‘: Va2 S 10 — 1\ = EE | é.:].')"
o 5 1
Vy lrl (72 (?3 {.’1 Vs ':-’l
§= er/,u
. 3 E . +
\Un) \[sl (3'2 (n!!» (51} \"'l} 10-1:' =1
L 059% CL ;l
[ 1 2o .
1073 102 10-!
= 12
|Ue4|
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3+1 fit results

D] B B B B B B DO B B B B B B B .

—3+lgiobal 3025

» LSND and MB consistent . 44 o

» See tension between st
d global fits 4 #
appearance and global fits
1.04
» Total 2 suffers
3+ fit Appearance only "
10! E £
- 10} — : 10t -
0%, 9%, 9.73% CL, 2 dof 3
ks ,.o'-'-":' ! + reactors 1
= 100 5 ot +Ga + MB app
< E N _“-._—,_:.i:}' disappearance . .
[ MiniBooNE v ) s P tmsbivasmun
\ \\\. 5 i 5 10‘:'E—mull results
~ DU N R e ._ [ combmed
\\i"'/ '.-,,%
10 oo cr, 2d0f ot N\ POl 2800 = a . S
C -‘..-1_3 A Al .‘.“:2 " e All‘l_l " menar ”%deof g;l.pe:t;{nlce‘
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3+2 fit

2 -_—
> Better Overad II X / bUt Experiment \'3! .1 /dof \'31 +o/dof \? +a41/dof
- LSND 11.0/11 R6/11 7.5/11
tenSIO_n betwe_en app MiniB v 19.3/11 10.6/11 9.1/11
and d|sp remains. MiniB » 10.7/11 9.6/11 12.7/11
E7T 32.4/24 29.2/24 31.3/24
| KARMEN 9.8/9 R6/9 9.0/9
» No clean result! NOMAD 0.0/1 0.0/1 0.0/1
ICARUS 2.0/1 2.3/1 1.5/1
Combined  87.9/(68 —2) 72.7/(68 —5) 74.6/(68 — 5)

1p

- > : 95 % 99 %

@ |[&] r
3+2 [=] disapp v v
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Future - Short base line

MicroBoone (170 ton Lar) just finished filling, starts data taking
soon. <E >~0.8 GeV. They will separate e from y vs. MiniB.
Focus on sterile neutrinos.

FNAL will go ahead with building LAr1-ND and moving ICARUS
from CERN.
Intermediate Energy workshop (WINP,

) had many great ideas — new reactor
expts, radioactive source (e.g. °1Cr), new cyclotron idea.

JUNO (China) 1km base line (approved) . Try to measure
neutrino heirarchy

Detector |Distance from BNB Target| LAr Total Mass|LAr Active Mass

LAr1-ND 110 m 220 t 112 t
MicroBooNE 470 m 170 t 89 t
ICARUS-T600 600 m 760 t 476 t
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Plan for BNB experiments

» Finished 2018,

B

100m)
mtm’-oaw;:fa_-.mu =:; %

1 15 2 25
Reconstructed Energy (GeV)

M’RUS/TGOO r

3
Ve
|

-

A\

s
g
&

g & & Z

<

1 1.5 2 25
Reconstructed Energy (GeV)

(600m)
Signat ( sm' = 043 eV ', sin’ 26, = 0.013)
Statstce Uncenainey Only -
INTERNAL

Events / GeV
i ¥tk

e

05 1 1.5 2 25
Reconstructed Energy (GeV)

p 53 CTEQ Neutrino Experiment Il July,2015



Future - Long base line

» Deep Underground Neutrino Expt (DUNE)

Large international experiment hosted by FNAL

4 x 10KT LAr detector at Sanford Underground Lab (Lead, SD)
Mass hierarchy, CP violation

Proton decay

Supernova neutrinos

v v v v v

Sanford
Underground s S
o Research e W B 9
IR 28 e e 2 =

¢ Facility o= 2252=7

Fermilab
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Future - Long base line

» Deep Underground Neutrino Expt (DUNE) L=1300 km
» Large international experiment hosted by FNAL (major upgrade)
» Near detector at FNAL (schematic in left diagram, location in right)
» 4 x 10KT LAr detector at Sanford Underground Lab (Lead, SD)
» Mass hierarchy, CP violation with intense (=1.2 MW) v, vbar beams
» Proton decay, Supernova neutrinos

CTEQ Neutrino Experiment I'l July, 2015




Projected results (CDR)

Mass Hierarchy Sensitvity 100% M Sensteviey
- DUNE Staging —— COR Rstomnce Design
yof sin?2s,, = 0,085 h & DUNE error
sin‘_, = 0.45 3
[ s PIOtS
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- r-q Un .
- aL .
ol _
o'...l,..l,..|...1...1.,.l...l...l...l... s . . \ , | i 1]
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75% CP Violation Sensitivity
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summary

» v experiments very different than collider
» Target=detector; favor large, monolithic blocks
» Beam hard to produce, even harder to monitor
» Nuclear effects make interpretation tricky

» Recent exciting results
» T2K sees v, disappearance, v, - v.appearance (0,3, 6;3,Am;3?%)
» Minerva new pion cross section results don’t make things easier

» Short baseline experiments see surprising results with hints of
sterile neutrino

» Future
» Short baseline experiments at FNAL 1->3 detectors by 2018 (sterile)
» LBL expts HyperK, DUNE, PINGU proposed for hierarchy, CP
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» C

DUNE M
spectra
(2014)

Everts /250 MeV

Everts /250 MeV
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NuMI Beam (~same for MINOS, NOvA)

/

675 m

" Hadron

Monitor

18 m

-
12m

fiaure courtesy /

NuMI is a “conventional” neutrino
beam, neutrinos from focused pions

For MINERVA, flux must be
calculated, use hadron prod data.

protons on target (POT) to
MINERVA

» neutrino (LE): 3.9E20 POT

» anti-neutrino (LE): 1.0E20 POT

NuMI Low Energy Beam Flux
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x5 flux

neutrino energy (GeV)
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Experiments are hard, e.g. NUMI at FNAL
(MINERVA, MINOS, NOvA)

» Think of neutrons or photons, but worse
» Need tertiary beam, no tagging, no simple monitoring

» Need very large, monolithic detector, e.g. 15 KT liquid scintillator
Muon Monitors

Absorber

——————————— | ‘a I MINERVA
\illﬂ}“!!ll!!ll!!!!!l!'_l 210m 6
— > <
10m 30m 675 m Hadron °M Rock 15 18M
POT Monitor figure courtesy
(protons [ NQuM'I'Beaa*m'MSC ] = Z. Pavlovic
on target) —LE
—ME
p @ NOVA - liquid scintillator
_____________ 115 Zb J
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NuMI Flux Measurement

f(xF, pT) for n* using FTFP_BERT

*Flux measurements are hard! 10’5
10?
10
*MINERVA flux is simulated by _10_‘1
GEANT4 and reweighted to match g 10°
. 3
hadron production data from NA49. 8 o .
Recent MIPP publication will help a lot. E10°F,
- 10°F
10.7 " e .
10°®
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Coherent pion production

Contributes to charged but not to neutral pions here.

NEUT 5.3.3

All T* W<1.8

-e-ueemee Coherent

--------- All minus coherent
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